Abstract-Digital signal processing techniques have been widely used in radiation spectrometry to provide improved stability and performance with compact physical size over the traditional analog signal processing. In this paper, fieldprogrammable gate array (FPGA)-based adaptive digital pulse shaping techniques are investigated for real-time signal processing. National Instruments (NI) NI 5761 14-bit, 250-MS/s adaptor module is used for digitizing high-purity germanium (HPGe) detector's preamplifier pulses. Digital pulse processing algorithms are implemented on the NI PXIe-7975R reconfigurable FPGA (Kintex-7) using the LabVIEW FPGA module. Based on the time separation between successive input pulses, the adaptive shaping algorithm selects the optimum shaping parameters (rise time and flattop time of trapezoid-shaping filter) for each incoming signal. A digital Sallen-Key low-pass filter is implemented to enhance signal-to-noise ratio and reduce baseline drifting in trapezoid shaping. A recursive trapezoid-shaping filter algorithm is employed for pole-zero compensation of exponentially decayed (with two-decay constants) preamplifier pulses of an HPGe detector. It allows extraction of pulse height information at the beginning of each pulse, thereby reducing the pulse pileup and increasing throughput. The algorithms for RC-CR 2 timing filter, baseline restoration, pile-up rejection, and pulse height determination are digitally implemented for radiation spectroscopy. Traditionally, at high-count-rate conditions, a shorter shaping time is preferred to achieve high throughput, which deteriorates energy resolution. In this paper, experimental results are presented for varying count-rate and pulse shaping conditions. Using adaptive shaping, increased throughput is accepted while preserving the energy resolution observed using the longer shaping times.
to control the digital filter shaping parameters. In analog pulse processing, any adjustment in the shaping time constant perturbs the physical electrical circuits, which makes adaptive pulse processing challenging in real time. Time-variant filters with an optimum SNR can be realized in real time using digital pulse processing. The concept of optimum signal processing using time-variant filters and the digital techniques for realtime pulse shaping in radiation measurements were previously explored in [1] - [5] .
In this paper, FPGA-based real-time adaptive digital pulse shaping techniques are investigated for high-countrate gamma-ray spectrometry applications with improved throughput and energy resolution. In digital pulse processing, the preamplifier output is sampled using a high-frequency digitizer. A digital Sallen-Key (S-K) low-pass filter is employed before the trapezoid-shaping filter to enhance the SNR and to reduce baseline drifting in trapezoid shaping. A digital recursive trapezoid filter is used for pulse shaping to determine the pulse amplitude. The rate of rejection of piled up signal is reduced by adapting the trapezoid-shaping parameters (rise time and flattop time) to the time interval between the adjacent preamplifier pulses. Digital pulse processing algorithms are implemented on the National Instruments (NI) PXIe-7975R reconfigurable FPGA (Kintex-7) using the LabVIEW FPGA module. Simulations are performed using MATLAB to understand the effect of trapezoid-shaping filter incorporating two-decay constants on the trapezoid flattop, and baseline and energy resolution improvement after employing a digital S-K filter. Experimental validation of the proposed adaptive digital pulse algorithms is performed using the digitized preamplifier signal of high-purity germanium (HPGe) detector using a 60 Co source by measuring the throughput and the resolution for different shaping times at various count rates.
II. DIGITAL SIGNAL PROCESSING ALGORITHMS
A conventional spectroscopy system uses a preamplifier, amplifier, and multichannel analyzer to obtain the pulse height distribution of the radiation source. These electronic components suffer from various issues such as electronic noise, dead time, and ballistic deficit, which degrade spectroscopic performance. Alternatively, a digital pulse processing chain consists of a low-pass filter, a digital recursive pulse shaping (e.g., trapezoidal) filter, a digital timing filter, a baseline restorer, and a pile-up rejecter. This type of DSP chain with an added adaptive capability for real-time implementation is discussed in the following.
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A. Preamplifier Pulses of High-Purity Germanium Detector
The HPGe output signal is a low-amplitude, short-duration current pulse. The preamplifier converts this current pulse to a voltage pulse whose amplitude is proportional to the energy deposited in the detector during a gamma-ray interaction. The HPGe preamplifier pulses exhibit a rapid rise time (∼300 ns) and slow decay time (∼55 μs). The preamplifier pulses can be mathematically represented as
where τ F and τ R are the decay time constant and rise time constant of the preamplifier pulse, respectively. E is the height of the preamplifier pulse, which is proportional to the energy of incoming pulse. In this paper, the detailed shape of the preamplifier pulse is shown in Fig. 1 . As opposed to (1), it is observed that a typical preamplifier pulse of the HPGe detector is better described as consisting of two-decay constants, a fast decay of short duration at the start of the decay and a slow decay for the remainder of the decay process. Thus, (1) is modified and can be expressed as
where τ F 1 and τ F 2 are the two-decay time constants and τ R is the rise time constant of the preamplifier pulse. The z transform representation of the signal after neglecting the rise time is given as
where
, and t is sampling time.
B. Digital S-K Low-Pass Filter
The digitized preamplifier is associated with white noise. In digital pulse shaping, the accumulation of noise causes baseline drifts in the shaped signal. Filtering the original preamplifier signal before shaping increases the SNR and reduces the baseline drifts in the shaped signal. The analog S-K filter is widely used in nuclear pulse processing which was proposed by Sallen and Key in 1955. In [6] and [7] , it was shown that the digital S-K filter can be used to achieve high performance in signal processing. In this paper, an S-K filter was implemented. The transfer function of digital S-K filter can be given as
The function F in is the preamplifier signal and serves as an input to the digital S-K filter, and F out is the output of the S-K filter. The factor f SK is the frequency filter factor, which adjusts the width of the output signal. a SK is the amplitude filter factor. The block diagram of the digital S-K low-pass filter is shown in Fig. 2 .
C. Digital Timing Filter
The RC-CR 2 filter is used for the generation of a bipolar waveform which can be used for various trigger generations. The transfer function of this filter can be expressed as
The Avg represents a moving average in the time domain, and R is equivalent to the rising edge of the preamplifier signal and is utilized in the first and second differentiations to generate the bipolar waveform. For the HPGe preamplifier pulses, R ∼ 200 − 300 ns. A CHECK window of width 2R (600 ns) is utilized that starts when the timing filter exceeds a certain threshold level Th. The value of threshold level Th is chosen such that it should eliminate the false trigger occurrences caused by noise. In addition, a zero-crossing detection (ZCD) logic searches for zero crossing within the CHECK window and if the zero crossing occurs, it will send a TRUE logic [8] . The ZCD triggers the determination of the trapezoid pulse height, which is proportional to the energy of incoming pulses. The pulse height can be accurately determined at the start of trapezoid flattop at A + B/4 point (see Fig. 3 ).
D. Digital Adaptive Shaping Filter
A pulse shaping algorithm is used to integrate the fastrising preamplifier pulses and to differentiate the long tails. In this paper, a digital trapezoid pulse-shaping algorithm is employed as the shaping filter. The digital shaping algorithm is set to be adaptive according to the time interval of separation between incoming preamplifier pulses. Based on the separation between the input pulses, it selects the optimum shaping parameters (the rise time and flattop time of the trapezoidshaping filter) for each incoming signal [9] . The potential advantages of the recursive trapezoid pulse-shaping algorithms were explained in previous work [3] , [4] . The flattop of the trapezoid filter can be adjusted to eliminate ballistic deficit. The most important advantage of trapezoid shaping is at highcount-rate conditions where pileup is a major consideration.
The trapezoid-shaping algorithm in discrete z transformation was discussed in [10] and [11] . The trapezoid pulse can be synthesized as shown in Fig. 3 using the following equations:
where V TPZ is the function for trapezoid transformation. The trapezoid transmittance function can be obtained as
where A is the rise time and B is the flattop of trapezoid shaped pulse. The transfer function for the digital trapezoid filter can be given as
The block diagram of digital trapezoid shaping is shown in Fig. 4 . The recursive digital trapezoid-shaping algorithm is implemented in MATLAB. Simulations are performed with the real HPGe preamplifier pulse of Fig. 1 with τ R = 300 ns, τ F 1 = 600 ns, and τ F 2 = 55 μs. The simulation results are shown in Fig. 5 . Conventionally, the recursive digital trapezoid-shaping algorithm was developed for the preamplifier pulses with single-decay constant [3] , [4] . The simulation was performed with the conventional algorithm and as can be observed in Fig. 5(a) ; the flattop of the trapezoid shaped pulse is distorted at the start of flattop. With the implementation of the modified trapezoid shaping incorporating two-decay constants for the HPGe preamplifier pulses, improvement in the trapezoid flattop is observed, as shown in Fig. 5(b) . This approach is a key as it allows the extraction of pulse height information at the beginning of each pulse, which helps in reducing pileup and increasing throughput.
E. Digital Baseline Restoration
The preamplifier pulses of the HPGe detector contain bias due to detector leakage current, electronics, etc. The trapezoid transformation of these preamplifier pulses does not eliminate the baseline shift. For the determination of actual trapezoid height, accurate baseline estimation is required. Baseline determination is realized by digital averaging of the trapezoid baseline with the gated restoration scheme. The fluctuations in baseline of the trapezoid shaped pulses are reduced by the use of a digital S-K low-pass filter before the trapezoid transformation. When a preamplifier pulse arrives, ZCD will go high and the baseline gate will be open for the duration of the trapezoid width ( A + B + A). In the case of pileup, if any ZCD occurs within the trapezoid width, the baseline gate will remain open for another (A + B + A) duration. The baseline determination is performed by a moving average filter when the baseline gate is closed. In the signal processing chain, the trapezoid signal is digitally delayed to synchronize with the baseline trigger generation algorithm. The baseline value is triggered exactly at the start of the trapezoid shaped pulse and is subtracted from the trapezoid wave for the determination of trapezoid height. The efficiency of baseline determination degrades with increasing count rate. This increases uncertainty in trapezoid height determination which further deteriorates the energy resolution at high count rates. The experimental The digital S-K low-pass filter is employed for elimination of high-frequency noise. The simulation results for digital S-K filtration are shown in Fig. 6 . The preamplifier pulses are generated at count rate of 10 kcps using Poisson interval distribution. All the pulses are characterized with identical height with different white noise components. The improvement in the baseline of trapezoid shaped pulses using S-K low-pass filter is clear in Fig. 6(b) . The improved baseline makes the digital baseline estimation more accurate, which will further improve the energy resolution.
F. Pile-Up Rejection Algorithm
Preamplifier pulse rise time varies between 200-300 ns. As discussed previously, the timing filter is a CR-RC 2 filter. A CHECK window of width 2τ R starts when the timing filter crosses certain threshold (Th) to avoid false triggering (T h = 100 mV). If there is no rising edge pileup, zero crossing ocuurs within CHECK window1. In the case rising edge pileup, the rise time of an incoming pulse increases and ZCD does not occur within CHECK window1. If the ZCD occurs after CHECK window1, and within CHECK window2, the pulse is treated as suffering from rising edge pileup and is rejected.
In the case of trailing edge pileup, at the zero crossing of the first incoming pulse, two pile-up windows of A + B/4+P and A + B + P will be started that will look for any other zero crossing (ZCD) within that window. If a second pulse comes within the A + B/4+P window, both the pulses will be rejected. If no ZCD occurs within A + B/4+P and it Digital pulse processing sequential logic demonstrating various triggers and logic windows.
occurs between A + B + P, the energy of the first pulse will be accurately latched, pile-up logic will send a true pulse to store the first pulse energy value and the second pulse will be discarded. Two pile-up check triggers are used for the pile-up rejection: rising edge pileup, trailing edge pileup. If both of the triggers are TRUE, then only pulse height information will be included in the pulse height spectrum. The sequence of the digital pulse processing approach is schematically represented in Fig. 7 , and the block diagram is shown in Fig. 8 .
III. EXPERIMENTAL IMPLEMENTATION
The DSP system testing configuration is shown in Fig. 9 . A 380 μCi 60 Co gamma source is used for testing the performance of the system. The source position is varied to obtain different count rates. The measurements are carried out using a coaxial P-type Ortec GEM series coaxial HPGe detector having a relative efficiency of 25% at 1333 keV with a reset preamplifier. The high voltage provided to the detector element is +4800 V.
The HPGe detector's preamplifier signal is digitized using the NI adaptor module NI 5761, which is a 14 bit, four-channel digitizer with a bandwidth of 500 MHz and sampling rate of 250 MS/s. The digitized preamplifier signals are fed to the reconfigurable NI PXIe-7975, which has the Xilinx FPGA Kintex-7 XC7K410T. The DSP algorithms are implemented using LabVIEW FPGA 2014 module. This module interfaces with the adaptor module and has a hardware description language integration capability. The Xilinx Vivado 2013.4 compilation tool is used for the compilation of the LabVIEW FPGA Virtual Instrument (VI). The HOST VI communicates with the LabVIEW FPGA VI to display the various pulse shapes. The FPGA device utilization is tabulated in Table I .
Representative 60 Co energy spectra recorded using the adaptive DSP system at count rates of 10, 50, and 100 kcps are shown in Fig. 10 . The measured full width half maximum (FWHM) for 1333 keV peak is 1.86, 2.04, and 2.09 keV at 10, 50, and 100 kcps, respectively, with adaptive shaping times. The FWHM versus the rise time plot for different flattop times is shown in Fig. 11 . The resolution performance is consistent until a 2 μs shaping time with the digital system while resolution starts deteriorating with analog system if shaping time is reduced below 6 μs. The rise time of the digital trapezoid filter is equivalent to the shaping time of analog systems. In further discussion, the rise time of the digital pulse processing system is referred to as shaping time.
The results of FWHM versus ICR for various shaping times for the analog and digital system are shown in Fig. 12(a) . The close proximity in time between two consecutive pulses results in an increase in the shot noise and uncertainty in the baseline determination which degrades the energy resolution at highcount rates [12] . The plot of throughput versus ICR is shown in Fig. 12(b) , which compares the throughput performance of the adaptive digital pulse shaping to the digital shaping with fixed shaping time as well as to analog signal processing. Using adaptive digital pulse processing, throughput performance is comparable to a 1 μs shaping time but with an improved resolution similar to that achieved by using longer shaping times. Fig. 13 shows the throughput performance of the adaptive digital pulse processing including the distribution of the number of pulses shaped with a given shaping time in comparison to theoretical calculations using the exponential model of the distribution of time intervals [13] .
In this model, the probability of the next event taking place in an interval dt after a delay of t can be approximated as r × e −r t , where r is the ICR. The fraction of events occurring in a particular time interval ( t) is calculated as 1 − e −r t , where t is the shaping time in this calculation. As it can be seen in Fig. 13 , the distribution of number of pulses shaped with different shaping times using adaptive digital pulse processing is in good agreement with theoretical calculations. This provides reasonable validity to the observed performance of the adaptive DSP system.
IV. CONCLUSION
This paper illustrates the implementation of real-time adaptive digital pulse shaping, based on a trapezoid filter, in gamma-ray spectrometry applications using an HPGe detector. It was found that a digital trapezoid-filter algorithm incorporating two-decay constants to describe the HPGe preamplifier pulse improves the trapezoid flattop. This allows the extraction of the pulse height information at the beginning of each pulse, which limits pulse pile-up effects. Consequently, it is possible to perform real-time selection of the shaping parameters (rise time and flattop time of the trapezoid-shaping filter) for each incoming signal based on the time separation from a subsequent pulse. Experimental testing of the developed adaptive approach demonstrated that higher throughput is achievable while preserving the energy resolution observed using longer shaping times.
